Study Design. Whole ovine caudal intervertebral discs with vertebral endplates were cultured under uniaxial diurnal loading for 7 days.
Although intervertebral disc (IVD) degeneration is not symptomatic for low back pain in all cases, 1 there is mounting evidence of a link between the degenerate IVD and clinical symptoms. IVD degeneration has been shown to exhibit altered spine biomechanics, 2, 3 and be associated with sciatica and disc herniation. 4 Although the underlying causes of disc degeneration are not clearly understood, genetic [5] [6] [7] and epigenetic factors, such as nutrition, biomechanics, and injury 4,8 -10 are suspected. One method for investigating the mechanisms of IVD degeneration is the in vivo animal model. For instance, in a rat tail model, MacLean et al 11 found an up-regulation of various catabolic enzymes such as metalloproteinases (MMPs) and aggrecanases, increasing the frequency of cyclic compression from 0.01 to 1 Hz or by increasing loading from 0.2 to 1 MPa. Loading at higher stress (1-1.3 MPa) also increased proteoglycan content and cell death rate in a murine model. 12 These in vivo studies provide important information on the range of hydrostatic pressure and/or cyclic compression that may trigger or prevent disc degeneration.
However, for better control of biochemical and biomechanical factors, in vitro culturing systems are more appealing, and they may be less expensive. 13 Many studies have focused on the behavior of disc cells in artificial three-dimensional environments. 14 -16 In all of these studies, the cells were removed from their native complex three-dimensional environment and underwent cell passaging. However, these effects on cell behavior and their response to stimuli are unknown. 17, 18 Hence, tissue culturing of entire discs to study disc cells in their native environment is appealing. 19 One issue with this type of culturing is "disc swelling." 20 One method to overcome this is by adjusting media osmolality with polyethylene glycol, 21, 22 which may be cytotoxic. 23 Alternatively, disc swelling may be prevented by applying compression. 22, 24 Another issue is the endplates, which maintain the biomechanical integrity of the disc by anchoring the anulus fibers and preventing dislocation of the nucleus pulposus. Recently, Lee et al evaluated the feasibility of culturing bovine caudal IVDs with and without endplates. 13 They found that culturing with endplates reduced cell viability drastically, especially in the nucleus, which was likely due to blood clotting in the endplate capillary buds. Kim et al cultured smaller rabbit lumbar discs with endplates under dynamic compression. 25 They reported that DNA and proteoglycan content was maintained for up to 2 weeks, but cell viability or metabolic activity data were not provided. 25 A final concern is the frequency of loading. In the study of Lee et al, 13 static loading was applied. Although cell viability was maintained for 7 days, glycosaminoglycan (GAG) synthesis rate dropped by 70% to 80% after only 2 days of culture. 13 They suspected that this drop may have been a result of static loading (ϳ0.25 MPa) because in vivo experiments have indicated stimulation of anabolic proteins with higher frequency loading. 13 Here we explored a novel preparation technique for culturing of entire disc explants, including their adjacent vertebral endplates. We hypothesized that prior systemic anticoagulation, evacuation of the endplate vasculature, and cyclic diurnal loading would allow transport of solutes through the endplates into the disc and that this would result in maintenance of cell viability, metabolic activity, and gene expression profile.
Materials and Methods
Surgical Procedure. Discs used in this study were harvested from 15 mature (age, 2.5-5 years) Swiss alpine sheep (Ovis aries). The use of these animals as described was approved by the Animal Experimentation Commission of the Veterinarian Office of the Canton of Grison, Switzerland and followed the guidelines of the Swiss Federal Veterinary Office for the use and care of laboratory animals. Most of these sheep were already being killed for other experiments in our institution.
Sheep were sedated with 0.3 mL Detomidin intramuscularly. Five minutes before death, 25,000 IU of heparin was administered intravenously. After death via an overdose of pentobarbital (100 mg/kg), the right and the left arteria femoralis were ligated with a vascular clip proximal to the origin of the arteria femoralis profundus. Subsequently, the abdominal aorta distal to the outlets of the arteriae renales and proximal to the iliac bifurcation was cannulated, and 50,000 IU of heparin, dissolved in 1,000 mL Ringer's lactate, was infused into the abdominal aorta under a constant pressure of 100 mm Hg. Finally, the tail was amputated at the sacrum and freshly dissected under sterile conditions as previously described. 13 Four caudal IVDs (C1-C2-C4 -C5) were prepared from each sheep tail by making transverse parallel flat planar cuts, irrigated with phosphate-buffered saline, through the vertebrae just proximal and distal to the endplates with a histology band saw (model 30/833, Exakt Apparatebau, GmbH, Norderstedt Germany). The average maximum thickness of the convex bony endplates was 2.6 Ϯ 0.7 mm. The ovine caudal discs were elliptical with major diameter of 10.5 Ϯ 1.2 mm and minor diameter of 9.5 Ϯ 1.2 mm. Disc heights were ϳ8 mm. Any debris on the cut surfaces were aspirated with a Pasteur pipette and surfaces were washed with a firm jet of TBSS using a syringe with an 18-gauge needle. Finally, discs were rinsed for 2 minutes in Tyrode's Balanced Salt Solution containing 10% penicillin-streptomycin. Bioreactors were then loaded with one disc each.
Chamber Design and Organ Culturing Conditions. The polycarbonate bioreactor (Figure 1 ) was designed for application of uniaxial loading and contained two porous plates (stainless steel, 8 m pore size, Ø 18 mm). The discs were kept centered in the bioreactor by always maintaining a compressive load in order to ensure contact of bony endplates to the porous plates. Culture media was pumped through Tygon silicon tubing (SC0017 and SC0041, Ismatec SA, Glattbrugg, Switzerland) at 150 L/min 26 by a peristaltic pump (IPC, ISM 932, Ismatec SA) through the lower porous plates, around the centered disc and back through the upper plate to ensure that all external surfaces of the endplates and disc were bathed in fresh media. The entire system was maintained in an incubator under standard culturing conditions: Media (high-glucose DMEM, containing L-glutamine, 25 mmol/L HEPES buffer, 3.7 g/L NaHCO 3 , 3 mL/L gentamycin, 1% P/S, 10% FCS, Gibco, Invitrogen, Basel, Switzerland), kept at 37 C and 5% CO 2 ; 50 mL of media was circulated and exchanged every 2 to 3 days.
Solute Transport Into the Disc. Twelve discs from three sheep were prepared as described above. Six discs (two from each sheep) were kept under constant compressive load (0.2 MPa for 24 hours) and six discs (the other two from each sheep) were kept under cyclic diurnal loading (0.2 MPa for 6 hours and 0.8 MPa for 16 hours). 27 Organ culturing was performed for 4 days with 50 mol/L of dextran conjugated to tetramethylrhodamine (TMR-dextran, 3 kDa, Molecular Probes, Leiden, The Netherlands). Discs were then cryopreserved in OCT cryocompound with liquid nitrogen cooled isopentane and cut in half with a cooled dermatome. After smoothing the cut surface with a cryotome, specimens were freeze substituted in acetone (Ϫ80 C, Ϫ20 C, 4 C, and room temperature, for 24 hour each). Using excitation at 543 nm, fluorescence images (confocal LSM510, Zeiss GmbH, Oberkochen, Germany) with an optical thickness of 215.6 m were scanned ϳ100 m deep to the cutting surface. Twelve to 18 images (each 512 ϫ 512 pixels) were merged to make a composite of the entire disc surface (Photoshop, Adobe Systems, Inc., San Jose, CA).
After subtraction of saturated bone, images were quantified for fluorophore intensity (Matlab, Release 13, MathWorks, Inc., Natick, MA). The fluorophore intensity was normalized to that at the source (endplate of external anulus), and a 120 ϫ 120 cell square grid was laid over each image. Two regions of interest were defined: endplateendplate (column of cells centered over the nucleus with width ϭ 30% of average lateral disc diameter) and anulus- anulus (row of cells centered between the endplates with height ϭ 0.5 mm). The intensity profile in each direction was calculated by averaging the intensity within each cell and then within the cells in each row or column of cells perpendicular to the longitudinal axis of each region of interest. Finally, intensity profiles were pooled between discs.
Semiquantitative Analysis of Cell Viability. Cell viability was assessed in 24 discs (four discs from 6 sheep each) using the LIVE/DEAD staining kit (Molecular Probes), where two discs from each sheep were analyzed fresh (day 0) and two discs after 7 days of culturing (day 7). 28, 29 Endplates were removed with a scalpel blade and the nucleus pulposus ("nucleus") was separated from the anulus fibrosus ("anulus") with a biopsy punch (Ø 5 mm). Tissues were then cut in half (the other half was used for gene expression evaluation). Samples of anular and nuclear tissue (ϳ80 mm 3 ) were then incubated under "free-swelling" conditions in serum-free medium supplemented with 1 mol/L calcein green and 1 mol/L ethidium homodimer-1 for 3 hours. Stained samples were visualized on an inverted confocal laser scanning microscope (LSM510, Zeiss). Total cell number and cell viability were measured from Ͼ3 randomly chosen stacks, each representing a 100 m projection, beginning ϳ50 m from the tissue surface. RGB threshold was set manually, and a minimum of 7 or 8 clustering pixels were defined as dead or living cell, respectively. Colabeled cells were omitted from the analysis for percentage of living cells but not number of cells.
Gene Expression Analysis.
For gene expression, the other half of nucleus and anulus were flash-frozen in liquid N 2 and then pulverized into powder. Total RNA was extracted with TRI Reagent (Molecular Research Center, Cincinnati, OH) using a modified TRIspin method. 30 Reverse transcription was performed as previously recorded. 31 Ovine-specific oligonucleotide primers (Table 1) and TaqMan probes (all from Microsynth, Balgach, Switzerland) were newly designed with Primer Express Oligo Design software, version 1.5 (Applied Biosystems) based on nucleotide sequences from GenBank.
(collagen I, MMP-13). Alternatively, bovine specific primers were used (Table 1) , which were checked for amplification efficiency by dilution series with ovine cDNA (aggrecan, collagen II, ADAMTS-4). 16 Relative gene expression of three anabolic and two catabolic genes, i.e., aggrecan, collagen I, collagen II, ADAMTS-4, and MMP-13, were measured relative to a "housekeeping" gene, i.e., ribosomal 18S RNA. 32 RT-PCR results were quantified using the ABI GeneAmp 7500 software. 31 Samples with no detectable RNA concentration of the target gene but with detectable gene concentration of the 18S gene (C t Ͻ18) were assigned a C t of 45 (maximum number of cycles). 35 S-Sulfate Incorporation. Twenty-four separate pieces of nucleus and anulus (4 discs from 6 sheep, again 2 discs on day 0 and another 2 discs on day 7 per sheep) were incubated under "free-swelling" conditions for 6 hours in complete medium supplemented with 2.5 Ci/mL 35 Ssulfate. 13, 23 The same dialysis protocol was followed as previously described.
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Statistical Analysis. For cell viability and GAG synthesis rates, a general linear model was fit to the data with day as a fixed factor and sheep as a random factor. As there was no effect of sheep for cell viability, the data were unblocked and tested for significant differences between day 0 and day 7 with a Mann-Whitney U test. GAG synthesis rates did show an effect of sheep, and values from discs from the same sheep for each time point were averaged and a Wilcoxon sign rank test was used. Gene expression C t values (mean of duplicates) were averaged within sheep for each time culture period. These mean C t values were then normalized to the housekeeping gene. ⌬⌬C t were then calculated from ⌬C t values at day 7 relative to day 0 (ϭ fresh tissue from the same sheep) and then transformed using the 2 Ϫ⌬⌬Ct method to relative mRNA levels. 33 Finally, a sign test, 34 versus a hypothetical mean of 1, was used to detect changes in expression. For all statistical analyses, a significance threshold of P Ͻ 0.05 was used. 
Results
Solute Transport Images indicated that the fluorophores could diffuse into the IVD (Figure 2 ). Typical intensity images of cyclically and statically loaded discs demonstrate how the fluorophores have diffused into the disc through the anulus fibrosus as well as through the endplate. High concentrations of dye were found at places where vascular buds penetrate the endplate. From these images, it was observed that cyclically loaded discs generally showed more solute perfused endplate buds than statically loaded discs. Quantitative analysis of intensity distributions confirmed this observation (Figure 3) . The flat profile in the statically loaded discs indicated that the low fluorophore concentration did not change from endplate to disc center, whereas the steeper intensity decline in the cyclically loaded discs indicated solute transport from the fluorophore rich endplates into the disc center (Figure 3) . In the endplate-endplate direction, a decreasing intensity was measured from the cartilage endplate to the center of cyclically loaded discs. A similar profile was found in the anulus-anulus direction in all discs, with diminishing intensity toward the center of the disc.
Cell Viability
No significant changes in cell viability, in either the nucleus or anulus, between day 0 and day 7 were detected ( Figures 4, 5) . At both time points, dead (red) cells were observed. Although there was a slight drop in cell viability over the course of culturing, 89.5% Ϯ 1.6% to 74.6% Ϯ 3.4% for the nucleus and 83.1% Ϯ 3.9% to 73.1% Ϯ 3.7% for the anulus, these drops were not statistically significant, P ϭ 0.438 for nucleus and P ϭ 0.646 for anulus. Cell density given as total number of cells visible did not change significantly in the anulus (means 154.2 Ϯ 92.8 at day 0 and 136.6 Ϯ 86.8 at day 7, P ϭ 0.354); however, cell density dropped in the nucleus during culturing (means ϭ 199.4 Ϯ 112.6 at day 0 and 112.6 Ϯ 80.8 at day 7, P Ͻ 0.001). Most of the variance in the percentage of living cells at day 7 was for different regions within the same tissue and specimen. Duallabeling was observed in all the scans to some extent 4.4% Ϯ 8.4% at day 0 and 14.5% Ϯ 20.5% at day 7 for anulus and 2.6% Ϯ 4.2% at day 0 and 10.8% Ϯ 17.4% at day 7 for nucleus.
Gene Expression
Relative mRNA exhibited a statistically nonsignificant moderate down-regulation of anabolic genes and a statistically significant substantial up-regulation of catabolic genes on day 7 relative to fresh tissue ( Figure 6 ). In both tissues, aggrecan and collagen Type II were downregulated 2-to 20-fold. Collagen Type I was slightly up-regulated only in the nucleus. In contrast, the catabolic genes were all significantly up-regulated (10-to 200-fold) in both tissue, indicating that these genes were "switched on" during culturing since they were hardly detectable in the fresh tissue, with maximum C t values of 45 in many cases.
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S-sulfate uptake rates per dry weight were higher in nucleus tissue than in the anulus. 35, 36 The average GAG synthesis rates for the two discs at each time point did not change significantly after 7 days of culturing compared with fresh tissue (day 0) for both tissues (P ϭ 0.173 in the anulus and P ϭ 0.249, in the nucleus, Figure 7 ).
Discussion
In this study, a novel method to prepare and culture entire IVDs with endplates under diurnal cyclic axial Figure 4 . 100-m stack projections using confocal laser scanning microscope of nucleus pulposus (nuc) and anulus fibrosus (ann) ovine caudal disc tissue after fresh harvesting (day 0) and after 7 days of culturing under cyclic diurnal compression. Cells were labeled using the LIVE/DEAD staining kit: green ϭ living; red ϭ dead. . Gene expression (given as relative mRNA levels) of three anabolic and two catabolic genes at day 7 relative to day 0 in nucleus pulposus (nuc) and anulus fibrosus (ann) caudal ovine disc tissue. **Significant (P Ͻ 0.01).
loads was explored. The ovine caudal IVD was chosen for study due to several reasons. The use of caudal discs from bovines has been previously established as a suitable model of the human lumbar disc. 22, 37, 38 The size of the ovine discs is such that nutrient transport distances are of a similar scale to that in human discs. Although this study used ovine discs, the developed technique is not necessarily limited to them and could be applied to other species, e.g., humans, with some adjustments.
Solute Transport
The observed relative endplate-endplate distribution of fluorophores in the IVD is thought to represent the effect of partitioning rather than diffusion (Figure 3a) . Based on diffusion rates in similar tissues such as cartilage or sclera, 39, 40 the diffusion coefficient for 3 kDa TMRdextran in the IVD was estimated to be approximately 2.5 ϫ 10 Ϫ7 cm 2 /s. Assuming that the IVD was 5 mm in height, by day 4 of culturing diffusion of the fluorophore should have reached equilibrium (Figure 8) , and any transient gradients due to diffusive transport would be very small. Thus, the intensity gradients in the endplateendplate direction are probably not due to diffusion but are rather an effect of heterogenous partitioning within the disc.
This observed partitioning of solutes may be due to several effects, including binding, excluding volume effects, and ionic charges of the matrix. 41, 42 Biochemical binding is, however, rather unlikely as dextran, although of a higher molecular weight (485 kDa), has been shown not to bind to cartilaginous extracellular matrix. 43 More likely is a combination of excluding volume and ionic charges due to the higher concentration of proteoglycans in the center of the nucleus. 20 The partition coefficient of large molecules has been shown to follow a negative exponential dependency to the proteoglycan content. 44 Moreover, partition coefficient gradients are likely greater as a result of the fixed charge density of the negatively charged proteoglycans interacting with the anionic TMR-dextran.
This interpretation of the fluorophore distribution would be consistent with what was observed in the discs loaded with cyclic diurnal compression (Figure 3a) . However, the distribution observed with static loading (Figure 3b ) is different and is a result of the fluorophore's inability to penetrate the subchondral bone (Figure 2b ). With cyclic loading more endplate openings were filled with the fluorophore. As the distributions were normalized to the maximum fluorophore concentration at the endplate or external anulus, the flat distribution through the center of the disc may simply indicate that very little fluorophore was available at the endplate and hence relatively little was able to diffuse into the disc center. However, this does not explain why cyclic loading enhanced the penetration of the solute through the subchondral bone and endplate. Perhaps this was due to loosening of the marrow contents by load-induced cyclic fluid flow out of and into the disc? Interestingly, cyclic compression at only a diurnal frequency had this marked effect.
Unlike the endplate-endplate fluorophore distribution, the anulus-anulus distribution may not simply be a partitioning effect. Similar to permeability, diffusivity in fibrocartilage, e.g., labrum or meniscus, may be less than in cartilage and equilibrium may not have been reached by day 4 in this direction. Hence the steep drop-off from outer to inner anulus and the flat profile across the nucleus in the statically loaded discs (Figure 3d ) may be both a result of proteoglycans concentration gradients from outer anulus to nucleus and diffusion across the anulus. This would also be consistent with the findings that the dominant route of solute transport and fluid flow into the center of the disc is through the endplates rather than the external anulus. 4, 45, 46 The small increase in the nuclear region of the cyclically loaded discs ( Figure  3c ) is probably due to fluorophore transport through the endplate. Cell Viability Lee et al 13 found a remarkable drop of cell viability of almost 100% in the nucleus pulposus of bovine caudal discs cultured with endplates for 7 days. Even after 1 day of culture, they observed a significant drop in cell viability. However, when the endplates were removed there was no apparent change over 7 days. As the discs were harvested from tails of cows, which were slaughtered for consumption, it is thought that the endplate capillaries may have been filled with clotted blood blocking transport of nutrients into the disc resulting in cell death. 4, 28, 29 With our technique of anticoagulation, vascular evacuation, endplate aspiration, and cyclic diurnal loading, endplate permeability was sufficient to support living disc cells. Risbud et al 19 also studied cell viability of rat lumbar disc explants with the endplates in culture and observed a drop of 25% after 7 days, which is considerably higher than what we found in our system. Although this could be attributed to differences in cell viability assays, 47 this could also be due to differences in loading. In the study of Risbud et al, a static hyperosmotic culturing media (410 mOsm/kg) was used in order to prevent disc selling. In this study cyclic loading was applied, albeit of extremely slow frequency. As static loads have been observed to be detrimental to maintenance of a healthy disc, 24,48 -50 this may be mediated through cell viability.
GAG Synthesis Rates
Although cell viability assays indicate the potential of cells, they do not indicate their metabolically activity. The GAG synthesis rate values that we obtained are in not different from those reported by others, 36 and higher values in the nucleus, with respect to the anulus, were not unexpected. 35 In the study of Lee et al, 13 despite only small changes in cell viability and responsiveness to mechanical load magnitudes over 7 days, the metabolic activity of cells dropped dramatically (Ͼ50% of initial values) after only 2 days in culture. Lee et al cultured caudal discs of 3-to 6-month-old cows under static loading. These discs contain immature disc cell populations, which may have starved during culturing due to lack of biomechanical stimuli. Lack of loading may also have activated early cell senescence. In this study, no such drop was observed (Figure 7 ). Although our discs were harvested from mature sheep, we think that our differences were more a result of cyclic loading because the static loads, as used by Lee et al, have been associated with a decrease in aggrecan expression and proteoglycan content. 24, 48, 49 One limitation of the GAG synthesis measurements in this study is that they were made when the tissue was in free-swelling culture conditions, which is known to permit swelling of the tissue and affect synthesis rates. Nevertheless, our comparisons were only used in relative fashion (between days 0 and 7), and the measured 35 Suptake rates in this study were in the same range as measured in previous in vitro studies. 13, 21, 36 Gene Expression Similar to cell metabolism, cell phenotype, and expression may be affected without changes in cell viability. Gene expression data showed rather clearly that the balance of anabolic and catabolic genes did change during the 7 days of culturing ( Figure 6 ). The observed magnitudes of the relative change of gene expression indicated that up-regulation of catabolic genes, such as MMPs, may be more important than down-regulation of anabolic matrix genes. This amplification of the catabolic genes, however, is probably also a result of the particular preparation and culturing methods used in this study. Isolated disc cells loaded in vitro with hydrostatic pressures of ϳ1 MPa have also been observed to increase catabolic gene expression. 11, 48, 51 In addition, the relative magnitude of change observed in this study was also observed for catabolic genes in bovine organ culture comparing fresh and cultured tissue (Lee C, unpublished data). Furthermore, these changes were already detected after 2 to 3 hours of organ culture and remained in this state until the end of organ culture. Hence, this upregulatory effect may simply be a result of disc harvesting. 52 In this initial development, many aspects of culturing ovine caudal discs were not explored. A recent study 36 examined the variation of cell metabolism (also measured as 35 S-sulfate uptake) between segments of bovine caudal discs originating from different tail levels. They found a decrease of cell metabolism with decrease in the caudal level. In this study, the within-disc level sample size was too small to examine whether such differences between levels exist in ovine tail segments. IVD cells are also naturally adapted to low levels of glucose, oxygen, and pH, 4, 53 but in this study, only standard culturing conditions were used. It is unknown how these conditions affect matrix gene expression and cell metabolism rates. 17, 18 Future studies should examine many of these effects. As found in other in vitro and in vivo experiments, 11,48,51 a more physiologic frequency (0.1-1 Hz) of cyclic loading may reduce some of the unwanted effects observed in this study. Longer-term culturing should be examined to determine the actual effect on matrix composition and structure. Also, the effect of lower glucose levels, oxygen content and pH should be explored.
Conclusion
A novel in vitro organ culture system of IVDs with endplates was developed. Premortem systemic anticoagulation, postmortem vascular evacuation, endplate aspiration, and cyclic diurnal loading allowed for moderate size solutes to be transported through the endplate and into the disc. This was sufficient to maintain cell viability and GAG synthesis rates, indicating a "healthy" state of cells. Gene expression data, on the other hand, were not fully conclusive and indicated possible catabolic changes in cell activity, which require further investigation.
Key Points
• Premortem systemic anticoagulation, postmortem vascular evacuation, and careful vertebral endplate debridement of disc explants together with cyclic diurnal loading maintained vertebral endplate permeability and enabled organ culturing for up to 7 days.
• Cell viability of both nucleus pulposus and anulus fibrosus cells did not change significantly between day 0 and day 7 of organ culture.
• Glycosaminoglycan synthesis rates did not change significantly between day 0 and day 7, indicating constant cell metabolism after 7 days of organ culture.
• Gene expression indicated an up-regulation of MMP-13 and ADAMTS-4 after 7 days of organ culture.
